species can colonize the oral cavity, 9 only a few are implicated in the pathogenesis of periodontal disease. 10 Porphyromonas gingivalis is associated with chronic periodontitis and can be detected in up to 85% of the disease sites. 11 In contrast, healthy sites show low numbers of this microorganism. The presence of P. gingivalis in a periodontal pocket may predict imminent disease progression. 12 This organism expresses several virulence factors implicated in periodontal inflammation. 13 The pathogenic role of this bacterium in periodontal disease depends on its ability to bind to the host's cells, the acquired pellicle, and other bacteria. Fusobacterium nucleatum is also commonly associated with periodontal disease and implant failure 14 and has been shown to exhibit coaggregation with different bacteria, including P. gingivalis, which plays a central role in the development of the dental biofilm. Its opportunistic characteristic has been shown in diseased periodontal and periimplant sites because F. nucleatum serves as a bridge between the early and late colonizers. 15 Prosthetic components, such as implant abutments, have an important effect on microbial adhesion, and the type of material can help increase or reduce the bacterial attachment and biofilm formation. [16] [17] [18] [19] The most relevant surface properties influencing the bacterial attachment are roughness, wetting, and surface energy. [20] [21] [22] [23] [24] Overall, these physicochemical characteristics have been thought to change the implant and prosthetic component surfaces in an attempt to reduce the adherence of pathogenic microorganisms. [25] [26] [27] [28] Titanium (Ti) is still considered the reference standard material because of its physical characteristics, including biocompatibility, stability, and corrosion resistance. The high demand for esthetic restorations, however, has favored the introduction of yttriastabilized zirconia (ZrO 2 ) ceramic implant abutments. In vivo and in vitro studies of the biofilm formation on titanium and zirconia surfaces have been reported [29] [30] [31] [32] [33] [34] ; however, knowledge is still limited about possible differences in the bacterial adhesion mechanisms to metal compared with ceramic surfaces. Therefore, this study investigated the anaerobic biofilm formation on 2 implant abutment surfaces, titanium and zirconia. The hypothesis was that the physical chemical composition inherent in each material interferes in the ability of microorganisms to adhere to the different tested substrates.
MATERIAL AND METHODS
Pure titanium and yttria-stabilized zirconia disks (Conexao Sistema de Protese Ltd) (8 mm in diameter and 2 mm in thickness) were used as the experimental groups, and bovine enamel (BE) disks were used as a positive control. Ti and ZrO 2 were prepared by machining, and enamel disks were cut from bovine incisors. The BE specimens were stored in 0.1% thymol solution at 4 C to inhibit the microbial activity until use. Enamel disks were obtained by using a 10-mm diamond drill for glass thread (Dinser Diamond Tools Ltd), coupled to the drill bench vise (FSB model 16; Schulz, chuck taper DIN 238-B18). The disk surfaces were prepared with abrasive paper of 800, 1200, and 4000 grit to polish the surface and reduce the roughness (grain 220; T469-SF-Noton; Saint-Gobam Abrasives Ltd).
The mean roughness (R a ) of all disks was quantitatively analyzed with a portable roughness tester (Mitutoyosurftest SJ-401; Mitutoyo Corp) with an accuracy of 0.01 mm, a reading length of 2.5 mm, an active tip speed of 0.5 mm/s, and a radius of 5 mm. To verify the reliability of the results, a device was used to stabilize and standardize the analysis. The reading at 2 different times and the intraexaminer reproducibility were assessed, calculating the intraclass correlation coefficient with a confidence interval of 95%.
The disks were immersed in 800 mL of unstimulated human saliva for 90 minutes, then washed once with 1 mL of sterile phosphate-buffered saline (PBS), dried at room temperature, and stored in a 24-well plate before the surface free energy (SFE) measurement with the Sessile-Drop method (Optical Contact Angle Measurements SCA-20; DataPhysics Instruments GmbH). To this end, 4 wet agents were selected from more to less polar solvents: water, ethylene glycol, polyethylene glycol, and diiodomethane. To assess the reproducibility of the experiment, 5 disks of each material were tested, and the test was repeated 3 times in each liquid. The average value of the contact angle was regarded as the mean value of the contact angle for each specimen, and software (SCA-Software/OCA-20; DataPhysics Instruments GmbH) was used for the SFE calculation using the concept of polar and dispersion components to the Owens, Wendt, Rabel, Kaelble (OWRK) method. 35 The surface and elemental compositions were analyzed with a field emission environmental scanning electron microscope (SEM) (FEG-MEV; Jeol 7500F model) and energy-dispersive x-ray spectroscopy (EDS), and the data were examined by a specialist (M.J.J.). For this end, 3 disks of each group was used. The specimens were positioned inside the SEM, and 5 areas from each
Clinical Implications
Periimplant disease is mediated and modulated by the host, but pathogenic bacteria are responsible for starting the inflammatory process. The physical-chemical properties of the implant abutment materials affect the biofilm formation. Ti and bovine enamel surfaces showed an increase of anaerobic biofilm compared with ZrO 2 . specimen were arbitrarily chosen by a masked examiner. All disk surfaces were taken from their original package delivered directly from the supplier. Each zirconia disk was attached to an aluminum stub with adhesive conductive carbon tape. Images were made with both secondary and backscattered electrons. For EDS analysis, 7 kV accelerating voltage was used to improve peak/ background ratio for light elements. Three disks of each group were used.
After the disks were cleaned, the specimens were arbitrarily distributed according to group and placed inside envelopes. Each element in the population (total number of specimens) had a known and equal probability of selection. The disks were sterilized overnight using gamma irradiation at 25 kGy from an artificial cobalt 60 source in a nuclear reactor (ISO-11137: 2006) (Energy and Nuclear Research Institute, IPEN).
Unstimulated saliva specimens were collected on the morning from 1 healthy donor adult aged 30 years, according to an approved protocol (Research Ethic Committee Process No. 051/2012). 36, 37 The donor had not taken any medications 3 months before the specimen collection and did not exhibit active periodontal disease. 37, 38 The collected saliva was placed on ice and clarified by centrifuging at 45 N for 15 minutes at 4 C. The supernatant was sterilized by filtration, membrane pore size 0.22 mm (Millipore), and stored at -20 C until use. The P. gingivalis ATCC 33277 and F. nucleatum ATCC 25586, used in this study, were grown on blood agar supplemented with hemin (10 mg/mL) and menadione (5 mg/mL) for 10 days in an anaerobic chamber (atmosphere of 85% N 2 , 10% H 2 , and 5% CO 2 ). One colony from each bacterium was added to brain-heart infusion (BHI) broth supplemented with hemin and menadione and incubated for 48 hours in an anaerobic chamber. After growth, aliquots were transferred to another tube with BHI to supplement the growth curve determination.
To allow pellicle formation, the disks were placed into the well with saliva at room temperature for 90 minutes. The disks were washed once with sterile PBS, transferred to a new 24-well plate with culture medium in monospecies and mixed species, and kept under anaerobic conditions for 24 hours. After the adhesion period, the disks were washed twice with sterile PBS, placed into a new 24-well plate with BHI medium, supplemented, and kept for 7 days under anaerobic conditions. During this time, the medium was changed every 48 hours. Then the disks were removed from the plate, washed twice with PBS, and analyzed by colonyforming unit (CFU/mL) and confocal laser scanning microscopy (CLSM).
In sequence, the disks were washed twice, then placed in a tube with 2.5 mL of PBS to detach the biofilm via ultrasound for 20 minutes (Ultrasonic; 1440 Plus). Serial dilutions were performed, and 25 mL of each dilution was plated in duplicate on blood agar supplemented to verify the bacterial growth. The plates were kept under anaerobic conditions for 15 days. The CFU/mL was determined, and its reproducibility was evaluated by photography. Images were analyzed 2 different times at a 2-week interval. The experiments were performed in quadruplicate with 3 repetitions, giving 12 specimens.
CLSM and ImageJ analysis
Before CLSM analysis, the disks were sequentially rinsed twice with 1 mL of sterile PBS to remove the nonadherent bacteria. To visualize the biofilm and viable cells and to assess their thickness, cell populations were stained for 15 minutes using 800 mL Live/Dead BacLight Bacterial Viability Kit (Invitrogen Corp) for each specimen. The final concentrations were Syto-9=0.01 mM and propidium iodide=0.06 mM. In each experiment, exciting laser intensity, background level, contrast, and electronic zoom size were maintained at the same level. Three specimens of each group were used for this end. The disks were placed on a glass coverslip, with the surface to be analyzed in contact with the glass, and 3 areas from each disk were arbitrarily chosen by a masked examiner. A series of optical cross-sectional images was acquired at 1 mm deep intervals from the surface through the vertical axis of the specimen by using a computercontrolled motor drive. The confocal images were then exported to ImageJ 1.48 freeware (National Institutes of Health; http://imagej.nih.gov/ij/download.html), and the density of the biomass was measured by the intensity of the pixels. First, the background was subtracted to remove the noise and split the color channel images. Subsequently, the number of live bacterial cells (green color) was estimated by counting fluorescence-specific pixels in digital fluorescent images.
Data analyses
Raw data were analyzed with software (Graph Pad Prism; GraphPad Software Inc). Descriptive statistics were used to calculate the mean and SD. Data among groups were analyzed by 1-way ANOVA, followed by the post hoc Tukey HSD test for multiple comparisons (a=.05).
RESULTS
Disk roughness was assessed by dispersion graphic to display the main pattern in the distribution of the data. Data beyond the line were excluded and the standard roughness values were included. The effect of surface roughness variables on biofilm formation was as follows:
for Ti disks, R a =0.21 ±0.06 mm; for ZrO 2 disks, R a =0.22 ±0.03 mm; and for BE, for which the readings were made in perpendicular directions where the disk roughness was included as a positive control, the values ranged from 0.05 to 0.1 mm.
Contact angles were measured to evaluate the wettability of the different surfaces with a saliva coat. The contact angle for the sessile water drops on all the surfaces was less than 50 degrees, and therefore all of them can be considered as hydrophilic materials. 39 In contrast, the Ti surface presented more lyophobic characteristics than others because of the higher contact angle formed between the surface and diiodomethane, a nonpolar liquid ( Fig. 1) . On the basis of the results of the OWRK method, all material surfaces presented similar SFE values as determined by the intersection of the line with the y-axis, with BE and ZrO 2 presenting the highest numbers 3.1 and 3.2 mJ m -2 . SEM (×500) revealed a homogenous surface, roughened for Ti and smoothed for ZrO 2 . Ti surfaces showed a circular configuration of alternating plane, flattened, and rough surface areas ( Fig. 2A) , whereas for ZrO 2 , a spherical shape was observed in granules (Fig. 2B) . In contrast, for BE, a higher magnification showed smooth surfaces and some cracks, a common characteristic in enamel (Fig. 2C ). 40 EDS identified the chemical elements in each material surface. Oxygen and titanium were found in Ti, and oxygen with zirconium elements was present in ZrO 2 . BE showed calcium, phosphorus, and oxygen in its composition.
After 7 days of incubation, an ANOVA performed for bacteria species showed a significant interaction between the material and the method of biofilm development as well as logarithms of CFU/mL (P.001). There was a wide increase in the CFU/mL of F. nucleatum monospecies bacteria biofilm on all surfaces compared with P. gingivalis (Fig. 3A, B ), but the materials did not affect the numbers of F. nucleatum (P<.05). The effect of material on monospecies bacterial biofilms showed high numbers of P. gingivalis on ZrO 2 surfaces and a significantly lower number on BE. Then the ability of mixed species bacteria to develop biofilm on the experimental and control groups was tested. The highest number of colonies was found on BE; this number was always higher for F. nucleatum than P. gingivalis (Fig. 3C) .
The viability of the bacteria grown on the material surfaces was similar. The differences in bacterial distribution on the tested substrates were confirmed by CLSM. Monospecies and mixed species biofilms with P. gingivalis on Ti and ZrO 2 showed less colony spreading for all surfaces (Fig. 4A, B) , but an intense biofilm on BE was observed (Fig. 4C ). However, no statistically significant difference in CFU/mL for the F. nucleatum biofilm was observed; for ZrO 2, the cell numbers decreased after 7 days. High-resolution observations (×40) of F. nucleatum revealed relatively large bacterial colonies and high intensity, or high biovolume, on Ti disks (Fig. 5A) , in contrast to ZrO 2 and BE, which had small and sparse bacterial colonies (Fig. 5B, C) . Similarly, depth biofilm analysis showed that F. nucleatum was able to form more confluent and profound biofilms on Ti surfaces than on the other tested surfaces. In relation to mixed species bacteria biofilms, ZrO 2 showed little biofilm, with a 12 mm depth on disks and small-scattered cell clusters with large voids in comparison with Ti (Fig. 6A, B) ; the biofilm formed on the BE surface was notably deeper, up to 28 mm in depth (Fig. 6C) .
To investigate the effect of each material on the density of the biofilm, the confocal images were scanned and expressed as the bacterial number in terms of integrated intensity of pixels, with mean and SD. The data were consistent with CLSM images. The density of F. nucleatum biofilm on Ti surfaces was 3.2-fold higher than on BE (Fig. 7A) . In contrast, ZrO 2 showed the best results, with the lowest density values of monospecies and mixed species bacteria biofilm represented by the number of pixels. The density of P. gingivalis as monospecies biofilm on ZrO 2 material was 3.0-fold lower than on BE and 3.4-fold lower than on Ti (Fig. 7B) . Mixed species biofilm formed on BE showed biomass 1.2-fold higher than on Ti and 5.5-fold higher than on ZrO 2 (Fig. 7C) .
DISCUSSION
The results of this research suggest accepting the research hypothesis that the different material surfaces affect the quality and quantity of a mature anaerobic biofilm.
The surface roughness of the material surfaces seems to play a crucial role in bacteria adhesion and biofilm formation. 22, 27 The variable roughness was eliminated to maintain the homogeneity of the groups at an R a of about 0.2 mm while evaluating the real effect of each material. 28 Surface contact angle is also an important factor for the adhesion and growth of bacteria on different material surfaces. Because implant abutment surfaces are covered with an acquired pellicle, in vivo, the disks were immersed in sterilized saliva prior to biofilm development to simulate clinical conditions. The data showed that although all the material surfaces were hydrophilic, as determined by the contact angles for sessile water drops lower than 50 degrees, 39 Ti presented the highest values. Furthermore, the contact angle data between the materials surfaces and diiodomethane revealed a higher lipophilic characteristic to BE. Bacteria express a wide diversity of complex molecules, such as lipopolysaccharide in the case of gram-negative bacteria, which gives the cell surface a net anionic charge (negative). The degree to which these structures influence the hydrophilic or hydrophobic characteristics is dependent on the structural components. 18 Surfaces with polar and nonpolar properties, such as hydroxyapatite from enamel surfaces, can become electrostatically more attracted and bound to the different bacteria species. 19 This chemical concept can explain why the mixed species bacterial biofilm exhibited the highest value for biomass of biofilm formed on enamel. Regarding the SFE, no difference among the materials was observed. A possible explanation is that the saliva coating formed onto the disks altered the surface energy of all the surfaces analyzed. The SFE of a material surface is reported to affect the initial adherence and biofilm formation of microorganisms, suggesting that those with low SFE would attract fewer bacteria than others with higher SFE. 23 The high SFE can be interpreted as a high number of active ions on surfaces, which would increase the attraction forces for liquid (or bacteria) with the same chemical composition. However, no correlation was observed between SFE and biofilm formation, indicating that other properties from material surfaces such as surface chemical composition and the wettability of materials combined with bacterial strains and number of species used could be involved in this outcome.
Both F. nucleatum and P. gingivalis displayed intraspecies variability with regard to biofilm formation. The developed biofilm on the implant abutment surfaces, both Ti and ZrO 2 , were different from that formed on a typical tooth surface. In monospecies P. gingivalis biofilm, ZrO 2 showed higher cell numbers than on other materials, and F. nucleatum did not show any differences in adhered cell numbers. These results were not consistent with CLSM, which could be considered a limitation of this in vitro study. A possible explanation is that monospecies bacterial biofilm on ZrO 2 or Ti surfaces would be significantly thinner than on BE and that the cells could be detached from the disks during the ultrasound procedure. However, in the case of mixed species biofilm, their structure (by CLSM) and log CFU/mL were significantly different when comparing BE with both implant abutment material surfaces, demonstrating thicker biofilms with higher bacterial numbers after reaching the mature state (after 7 days). Some studies have also reported low but significant numbers of bacteria adhered to ZrO 2 than to Ti surfaces. 34 Streptococcus mutans was found in higher numbers on ceramic than other bacteria species such as Streptococcus sanguis, which seemed to have more affinity for Ti materials, but the reason for this is not yet known. In another recent study, different data were observed; ZrO 2 attracted more Streptococcus oralis, Streptococcus mitis, Streptococcus salivarius, and Staphylococcus aureus biofilm than comparable variants of Ti or Ti alloys across the hydrophilicity or hydrophobicity characteristics. 33 Likely the chemical elements from wall bacteria cells determine the type and quality of the interaction between microorganism and material surface. 24 All those investigations were short-term evaluations (24 hours) and study only early bacterial adhesion. In the present study, mature colonizers differed significantly between the monospecies and mixed species biofilms on Ti and ZrO 2 materials. The time point corresponded to the formation of a barrier epithelium beginning at 1 to 2 weeks and completed at 6 to 8 weeks of healing. 4 This is the most important period for bacterial adherence and for the development of biofilm on material surfaces due to the absence of a soft tissue protector.
CONCLUSIONS
The results indicated that in the case of mixed species bacterial biofilm, the number of cells and the density of the biofilm on ZrO 2 were lower than on Ti materials. Physical chemical characteristics from different materials affect the pathogenic bacteria adhesion and their growth. Further studies using an oral microbial community may be able to show exactly what happens when a complex and natural microbiota combines with different implant abutment materials.
